Method for Simultaneous Power Flow Analysis in Coupled Multi-vector Energy Networks  by Abeysekera, Muditha & Wu, Jianzhong
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Applied Energy Innovation Institute
doi: 10.1016/j.egypro.2015.07.551 
 Energy Procedia  75 ( 2015 )  1165 – 1171 
ScienceDirect
The 7th International Conference on Applied Energy – ICAE2015 
Method for simultaneous power flow analysis in coupled 
multi-vector energy networks 
Muditha Abeysekera, Jianzhong Wu 
Cardiff School of Engineering, Cardiff University, Queens Building, The Parade, Cardiff CF243AA, UK 
 
Abstract 
Electricity, gas and heat network infrastructure are anticipated to facilitate the delivery of low carbon energy-carriers 
to decarbonise the future use of energy. Co-ordinated design and operation of these traditionally separate systems has 
the potential to bring forth numerous benefits to the energy sector. This paper presents a method developed for the 
simultaneous assessment of power flows in an interdependent electricity, gas and heat network system. A case study 
demonstrates an application of the method in a simple example. The advantages and disadvantages of the method and 
possible improvements are discussed. 
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1. Introduction  
Future energy scenarios for the UK [1] suggest that electricity, gas and heat networks are equally 
important infrastructure in the cost effective path to meet the 2050 emissions target. Traditionally each 
energy distribution network is designed, analysed and optimized independently due to existing regulatory 
and market arrangements. Stronger interactions between these dissimilar energy networks are increasing 
through the wide uptake of technologies such as CHP (combined heat and power), heat pumps, and tri-
generation of electricity, heat and cooling. Coordinated operation of these technologies and the associated 
networks has the potential to [2] 
x facilitate integration of intermittent renewable technologies   
x provide balancing, storage and congestion relief services for the electricity network  
x improve energy system reliability  
x improve whole energy system efficiency 
However, the interactions and interdependencies arising from an integrated approach to design and 
operate multi-vector energy networks are complicated. This paper presents a numerical method developed 
for the steady state analysis of coupled electricity, gas and heat networks. 
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2. Analysis of power flows in coupled multi-vector energy networks 
It is reasonable to question whether an integrated analytical framework that allows simultaneous power 
flow assessment of coupled multi-vector energy networks is required. Traditional methods of power flow 
analysis in independent energy carrier networks are robust and the energy flow information between 
different networks can be exchanged at the boundary of coupling. However, in a future scenario in which 
local energy systems are balancing its energy supply and demand these diverse networks can be 
considerably interdependent and restrict any individual energy carrier network to be analyzed 
independently. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For example, take a case where the electricity, gas and heat networks are coupled via (Figure 1) 
a) A gas fired CHP unit simultaneously generating electricity and heat 
b) A water circulation pump in the heat network powered by the electricity network  
c) A gas boiler that supplies peak power to the heat network.  
In a future scenario where local balancing of the integrated energy system is proposed, it can be 
expected that in certain operational configurations, the gas-CHP unit is intended to take a balancing role 
for the electricity network in islanded operation. In those instances the electrical power production and 
thus heat supply (from CHP) is a function of the electricity network parameters. During this time, the 
peak-gas boilers can maintain the balance of the heat network. The gas demand is a function of both the 
electricity network (from CHP) and heat network (from gas boilers) parameters.  The water circulation 
pump maintains the differential pressure required for hydraulic balancing of the heat network, and its 
electrical demand is a function of the heat load, network topology and pipe parameters. In this particular 
case, none of the networks have sufficient information to carry out an independent power flow analysis. 
Thus, a method for analyzing the state of each network in interdependent operation is required. This 
requirement is amplified as more coupling components with network management roles are integrated 
into the system.  
3. Methodology 
The problem of steady state simulation in coupled electricity, gas and heat networks is to compute steady 
state parameters of each network for a specified set of operating conditions. The state variables allow 
calculating the real and reactive power flows in electricity cables and mass/volume flows in pipes of the 
heat and gas networks.  
 
Figure 1: Power flow and information flow for sequential analysis in a coupled multi-vector energy system 
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3.1 Formulating steady state equations for network analysis 
The approach for network analysis is based on graph theory and the first and second Kirchhoff’s laws. 
Traditionally, Newton method is commonly used to solve the steady state simulation problem in each of 
the three networks independently [3-5]. The proposed method combines the steady state equations of all 
three energy networks and their interdependencies to solve them simultaneously. The following section 
describes the formulation of equations to be solved. 
3.1.1 Equations for electricity network power flow analysis 
For electricity network analysis, real (P) and reactive power (Q) balance at each bus bar is considered.  
The error in real power balance at each bus bar i is expressed as, 
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where Y- Admittance matrix, V-Voltage vector, N- number of bus bars. 
Similarly the error in reactive power balance at each bus bar i is expressed as, 
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3.1.2 Equations for gas network power flow analysis 
For gas network analysis the gas volume flow balance at each node is considered. The steady state 
volume flow in each gas pipe is computed by the general pipe flow equation given in [3]. For steady state 
analysis of natural gas networks pipe flow is considered a function of pressure only. The algebraic sum of 
branch volume flow (L) into and out of a gas node is equal to the demand at the considered node. The 
error in volume flow balance for initial pressure approximations at any gas node j is expressed as 
 , , , PressureTi i scheduled gas i gas iL L A AIª º'    u¬ ¼         (3) 
where Agas-Branch nodal incidence matrix, ϕ-function of pressure with gas pipe flow. 
3.1.3 Equations for heat network power flow analysis 
For heat network power flow analysis, the hydraulic balance and thermal balance of the network is 
considered. A method for simultaneous calculation of the hydraulic and thermal equations in heat network 
analysis was developed in [6]. 
The error in heat flow balance at any heat node k, is expressed as, 
   , , ,k scheduled k p heat s k out kkC A m T TM M'            (4) 
where φ-heat power, Cp – Specific heat density of water, ṁ-vector of branch mass flow rate, Ts- supply 
node temperature, and Tout- load return temperature. 
Pressure drop around loops in the network should be equal to zero. The imbalance of pressure drops (Δh) 
in any loop l due to errors in initial approximations is expressed as 
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where B-Branch loop incidence matrix, K-pipe coefficient, and Npipe-number of branches. 
For thermal calculations in the network, the temperature drop in each pipe line m is calculated by [7] 
     mp mLC mend start ambient ambientm mT T T e T
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where Tstart – temperature at the starting node of the pipe, Tend – temperature at the ending node of the 
pipe, Tambient – ambient temperature, λ-pipe heat transfer coefficient, and L-pipe length. 
At nodes where mixing of two or more water streams occur energy balance is used to calculate the 
resulting temperature at the node after mixing. Perfect mixing is assumed.  
The supply and return network nodal temperature calculations are combined and expressed in matrix form 
as shown in Equation 8. The method of constructing As, Ar, bs and br are detailed in [6] 
,
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s s load ss
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         (7) 
3.2 Equations for energy flows in coupling components 
3.2.1 Modelling combined heat and power (CHP) units  
Gas turbines and engines with flue gas condensation are modelled. A constant heat to power ratio (HPR) 
is assumed and is given by, 
CHP
CHP
HPR
P
M           (8) 
The gas consumption in any gas CHP is expressed as, 
,CHP electrical CHP CHP gasP L CVK u u         (9) 
where ηelectrical – electrical efficiency, and CV- calorific value. 
 
3.2.2 Modelling gas boilers 
Energy flow across a gas boiler is modelled by an equation for boiler efficiency expressed as, 
,gasboiler thermal gasboiler gasboiler gasL CVM K u u       (10) 
where ηelectrical – thermal efficiency. 
 
3.2.3 Modelling water circulation pump in heat networks 
The pumping power required to circulate water in a heat network is calculated using [7] 
pump
pump
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p
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         (11) 
where ηpump-pump efficiency, and V-Volume flow rate. 
 
3.2 Method of solution 
The operational modes of the coupling components determine the solution method.. If the power flows 
into or out of a coupling component are pre-specified for the problem, it allows computing the relevant 
power injections or demand in each network beforehand. However, if the coupling component plays a 
network management role, it creates functional relationships between energy flows in coupled networks. 
In this case, the coupling component equations are incorporated into the network equations to substitute 
for scheduled net power injections.  
Newton method is used to solve the network equations formulated. Initial approximations to state 
variables in each network are used to start the iterations. The error equations formulated earlier, are 
combined to a single vector of functions F expressed as, 
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ΔP, RealPowerImbalances in bus bars (Equation 2)
ΔQ, ReactivePowerImbalances in bus bars (Equation 4)
ΔL,Volume flow imbalance at gas nodes (Equation 7)
F=
Δφ, Heat supply imbalance at heat load nodes (Equation 14)
ΔT ,Supply temperature imbalance at heat nodes (Equation 12)s
ΔT , Return temperature imbalance at heat nodes (Equation 12)r
ª º« »« »« »« »« »« »« »« »« »¬ ¼
   (12) 
The errors (F) will tend to zero as the state variables for each network approach their true values. The 
corrections to be applied to the state variables in each iteration is calculated by the following equation 
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4. Case study  
A case study was carried out to test and validate the method. An example, similar to the case described in 
Section 2, was designed to represent coupling of energy networks at the distribution level. Figure 2 shows 
the topology of coupled energy networks. Table 2 describes the energy demand data and the operational 
mode of the coupling components used for the simulation. The results for the steady state simulation of 
the above example are presented in Table 3.  
5. Conclusion 
A method for the simultaneous power flow assessment of coupled electricity, gas and heat network was 
developed. Newton method was used to solve the steady state equations of all three energy networks and 
their interdependencies simultaneously. A simple example was simulated to test and validate the method 
proposed. The impact of coupling component interdependencies and the combination of more complex 
networks on the solution convergence needs to be studied further. 
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Table 2-Case study data inputs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Case study a) network topology b) energy center schematic 
Table 3. Results for network analysis 
Electricity 
network Bus bar 
Voltage magnitude 
(p.u.) 33kVbase 
Voltage 
angle (deg) 
Branch from-
to 
Active 
power Reactive power flow 
Real power 
loss 
I 1 0 I-II 15.03MW 7.56MVAr 0.008MW 
II 0.97 -1.28 II-III 5.03 MW 2.56MVAr 0.03MW 
III 0.96 -1.72     
Gas network node Pressure (bar) Branch Volume flow (m3/hr)    
1 7 1-2 16286    
2 6.24 1-3 17187    
3 6.24 1-4 18452    
4 6.0 3-2 256    
5 5.4 3-4 2006    
  2-5 6542    
  4-5 5458    
Heat network 
node 
Supply 
temperature 
Return 
temperature Branch 
Mass 
flow   
a 80 49.2 a-b 399.8   
b 79.9 49.4 b-c 216.3   
c 79.9 49.6 c-d 96.3   
d 79.7 50     
 CHP Gas Boiler Water circulation pumps   
Electrical power 15.53MW/ 8.17MVAr  0.5MW    
Thermal power 25MWth 23MWth     
Gas demand 5487m3/hr 2243m3/hr     
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